Surface acoustic wave (SAW) excitation of an acoustic field in a trapezoidal glass microfluidic channel for particle manipulation in continuous flow has been demonstrated. A unidirectional interdigital transducer (IDT) on a Y-cut Z-propagation lithium niobate (LiNbO 3 ) substrate was used to excite a surface acoustic wave at approximately 35 MHz. An SU8 layer was used for adhesive bonding of the superstrate glass layer and the substrate piezoelectric layer. This work extends the use of SAWs for acoustic manipulation to also include glass channels in addition to prior work with mainly poly-di-methyl-siloxane channels. Efficient alignment of 1.9 μm polystyrene particles to narrow nodal regions was successfully demonstrated. In addition, particle alignment with only one IDT active was realized. A finite element method simulation was used to visualize the acoustic field generated in the channel and the possibility of 2D alignment into small nodal regions was demonstrated.
Introduction
Acoustic manipulation of particles and cells by acoustic radiation forces has been exploited by bulk acoustic wave (BAW) excitation in microfluidic channels [1] [2] [3] [4] [5] [6] and in droplets [7] in the range of 1-10 MHz. Applications of acoustic manipulation by radiation forces in channels for continuous flow are for instance trapping of cells [8] for cell assays [9] , enrichment of one cell type from a medium [10] , enrichment of molecules binding to a bead surface [11] , cleaning of media by the removal of one cell type [12] , free flow acoustophoresis into multiple outputs [13] , microfluorescence-activated cell sorters (FACS) [14] , micromixers [15] and alignment in flow cytometry [16] [17] [18] . Recently, the driving frequency was extended to 40 MHz range by the use of interdigital transducers (IDTs) to excite a surface acoustic wave (SAW) that generates an acoustic field in a superstrate poly-di-methyl-siloxane (PDMS) channel [18] [19] [20] . Generally SAW transducers have been used in microfluidics for droplet manipulation in open planar fluidics to excite different acoustic effects at increasing input power [21] , such as droplet mixing [22] and particle gathering by acoustic streaming [23] , droplet transportation on a hydrophobic surface [22, 24] , droplet ejection [25] and droplet atomization [26] . Additionally, particle gathering in a droplet by acoustic radiation force has been demonstrated for SAW transducers [27] . In closed channels, SAW-induced manipulation has been demonstrated for acoustic mixing [28, 29] , for pumping [30] , for filling fluid into the channels [31] and for drop manipulation [32] in addition to the above-mentioned particle manipulation by acoustic radiation forces [18-20, 33, 34] .
Here we present for the first time SAW-excited particle manipulation in a superstrate glass channel. A first motivation regards manufacturing and integration. This work evaluates if it is possible to extend the use of SAWs for acoustic manipulation in PDMS and the more exclusive material and design used for the Stoneley wave [34] and the fabrication method for laser structuring in the piezoelectric substrate [33] to also include the microfluidic commonly used glass material [35] . While the PDMS material is ideal for fast prototyping and bonding to silicon-based materials, the hydrophobic surface properties of native PDMS and the hydrophobic recovery of the PDMS surface may cause clogging due to particles sticking to the surface and high fluidic resistance when filling the channel with water. Other issues are sample loss by absorption into the PDMS material, change of the sample environment due to the release of uncured monomers from the polymer [36] and solvent swelling. Hence, physical and chemical modifications are commonly employed such as plasma oxidation, chemical surface modifications [37] , bulk additives [38, 39] , extraction of the uncured monomers by solvent swelling of the polymer [40] and 48 h heat treatment [41] . Additionally, the choice of superstrate material is of interest also from the perspective of integration with other operations such as detection. A second motivation regards the properties of the acoustic field in the channel. Similar to the state-of-the-art technology with high acoustic impedance channel BAW transducer particle manipulation devices [1] [2] [3] [4] [5] [6] , where rectangular or close to rectangular cross-section and half-wavelength width channels are commonly employed, the channel used here is expected to enable a strong resonance in the fluidic layer. This property is not expected for the mechanically flexible PDMS with a small mismatch in acoustic impedance relative water. In this work, we evaluate the significance on the acoustic field of the channel geometry and size for the case of high-impedance superstrate channel material. Specifically, a trapezoidal channel geometry and channel width of approximately half wavelength of the surface acoustic wave of the substrate was used. The position of the alignment nodes relative to the channel walls, the inter-node distances and the shape and size of the nodal area determine how the device can be used for particle alignment to certain positions in the channel. Control of the acoustic node positions is strongly related to factors such as system reproducibility and fabrication alignment tolerances. In previous work with SAW-transducer systems and PDMS channel [18] or without side-walls [42] , the inter-node distance has been generally reported to be λ SAW /2. Regarding the size of the nodal region, it is expected that the use of higher frequency can be employed to align smaller particles to a narrower nodal region. Small nodal regions enable more precise alignment, which in sensor applications can offer system benefits such as sensitive, single-cell, high speed detection of small particles and in lower concentration samples. Moreover, it is of interest if the device can be used without sheath flow operation and if the alignment can also be obtained in the vertical direction. In this work, we evaluate by finite element method (FEM) simulation if a non-plane-parallel channel cross section, such as hemispherical [34] or a trapezoidal which are obtained by isotropic etching, can be used to generate particle alignment also in the vertical direction for the case of high impedance mismatch at the fluid-channel interface.
Precise particle alignment by acoustic forces to narrow nodal regions in continuous flow has been targeted in fewer studies than high concentration sample manipulation. Precise alignment has been demonstrated for 10 μm diameter particles at maximum 10 MHz [43] [44] [45] and can also be found for 0.5 μm diameter by Stoneley wave at 40 MHz [34] . Moreover, 2D precise alignment to one or several points in the channel cross-section plane by simultaneous horizontal and vertical for continuous flow is not commonly performed. Most commonly in continuous flow particle manipulation devices, the particles are aligned to a vertical nodal plane region positioned in the middle of the fluid [2, 3, 46, 47] or at one of the channel walls [47] [48] [49] [50] [51] [52] in a rectangular or slightly tapered rectangular channel geometry at a maximum of 5 MHz. Precise alignment to small detection points enable single-cell detection applications. Since 2D alignment ensures that all particles in a parabolic flow profile travel at the same speed, they can be detected as single events without overlap. Applications are found in alignment prior to sensor detection for sheathless operation in parabolic flow profiles. In the case of flourescent detection, the need for a scanning laser setup to evaluate signals from the entire channel volume is omitted. If multiple sensors are used, multiple alignment positions and larger volumetric flow rate can be employed. Alignment to a surface is desired for the detection by sensors positioned at the channel wall, for instance an optical evanescent field sensor. These applications have been targeted by acoustic manipulation for batch mode operation to a larger sensor surfaces by different device designs [47] [48] [49] [50] [51] [52] . Alignment to a small point on a surface in combination with a small area sensor can be used in continuous operation and single particle detection. For the case of alignment to a single point, additional applications exist such as pre-alignment in fluorescent-activated cell sorter (FACS) and prior to sheathless acoustic particle manipulation operations in parabolic flow such as field flow fractionation.
The difficulty with simultaneous vertical and horizontal 2D alignment by acoustic radiation forces is at least partly related to the effect of coupling of harmonic oscillators leading to more complicated resonance patterns at the coinciding resonance frequency. 2D resonance mode coupling in a fluidic cavity has been studied analytically by observing the resonance pattern of two orthogonal ideal standing waves [7] , where the coupled oscillation term was shown to dominate if the same frequency is used in the two directions. However, by the use of two different frequencies matched to the channel width and height, respectively, vertical and horizontal 2D alignment to a point has been demonstrated for 10 μm diameter particles by BAW transducers [43] [44] [45] . Additionally, in a preliminary study, vertical and horizontal alignment was described to be performed by matching the channel width and height close to an overtone and the fundamental frequency, respectively, however requiring a large sheath flow [53] . In principle, particle alignment by tubular transducers in circular cross-section capillary channels is expected to generate 2D horizontal and vertical alignment, which has been demonstrated for a multinode case [54] . In a PDMS channel, vertical alignment has been demonstrated [55] . Related work is the use of a hemispherical reflector to generate alignment in the two horizontal directions in a 96-well plate [56] . To the authors knowledge, simultaneous horizontal and vertical 2D alignments have not been performed by a non-plane-parallel channel cross section in a microstructured channel. Nor has 2D horizontal and vertical alignment been demonstrated in microstructured glass channels by operating at one single frequency without a large sheath flow.
Theory and principles
For a standing wave in the fluidic channel with a sinusoidal pressure distribution along the axis of propagation, z, the primary acoustic radiation force, F Prim , can be described by [57] 
where V is the volume of the particle, f is the driving frequency, P 0 is the amplitude of the acoustic pressure oscillations, ρ 0 is the density in the absence of sound, c 0 is the sound velocity of the medium, λ is the wavelength and θ is the acoustic contrast factor:
where β = 1/(ρc 2 ) is the compressibility of the fluid and β 0 is the compressibility of the particle. Compressible spherical particles are assumed, no acoustic scattering effects from walls are accounted for and the expression is valid under the requirement that particles are small relative the wavelength. For particles or cells with a positive acoustic contrast factor, the radiation force is directed toward a pressure node and for the case of negative contrast factor toward a pressure anti-node. To generate particle motion of a particle in a fluid, the acoustic radiation forces have to be large enough to overcome Stokes drag force. While the radiation force determines the strength of the acoustic manipulation effect, the acoustic radiation force potential field, U, where F = −dU/dx, displays the positions at which the particles will be gathered. The particles with positive acoustic contrast factor will be aligned to a pressure node according to theory.
Particle manipulation by SAW is envisioned to generate many advantageous properties.
Compared with the PbZr 1−x Ti x O 3 (PZT) piezoelectric material usually employed for BAW excitation, the lithium niobate employed here for SAW excitation is associated with low losses in the single crystalline piezoelectric material [58] . Hence, low temperature increase from material losses are expected in the fluid at the power levels employed. Viscous losses in the fluid increases with increasing frequency since the absorption coefficient is proportional to the frequency squared. The viscous absorption in a water layer of 100 μm is less than 0.1% at 10 MHz and though several times larger at 40 MHz still less than 1% [59] . The IDT enables a planar design and easy inspection by being positioned outside the channel region. Furthermore, a higher driving frequency than is usually employed for acoustic particle manipulation enables stronger acoustic forces for a certain acoustic pressure. High forces for instance enable manipulating particles with lower acoustic contrast factor relative to the medium. The acoustic power level in the fluid layer depends on a number of factors: the response of the piezoelectric material, the quality factor of the transducer design which amplifies the response, the electrical matching with the function generator, the energy coupling into the fluidic channel, resonance in the channel structure, etc. For the device presented here, a reflector structure outside the IDTs ensures directivity of the transducers that approximately doubles the energy into the fluid relative to a non-directional transducer.
From an acoustic perspective, glass has fundamentally different material properties than PDMS which will influence the appearance of the acoustic field in the fluid. Glass has significantly higher acoustic impedance and lower viscous losses. The path to transport energy into the fluid, the magnitude of energy and the resonance build-up in superstrate and in the fluid layer are factors that influence the appearance and the magnitude of the acoustic field in the fluid layer and the ability to perform efficient particle manipulation. The excitation of a fluid layer in a PDMS superstrate has been explained by excitation from the piezoelectric channel bottom by a standing surface acoustic wave (SSAW) in the substrate that is generated by two counter-propagating waves [18] . The authors expect that when the traveling SAW encounters a glass/LiNbO 3 -interface or a PDMS/LiNbO 3 -interface energy will be transmitted into the glass/PDMS bulk. Thus, a certain fraction of the traveling wave will be diffracted into the bulk at some angle and as the wave propagates, more and more of the energy present at the surface will couple into the bulk. Material losses of the PDMS material (Elastosil RT 601) in the range 4-14 MHz display a high attenuation coefficient for the longitudinal wave, α = 6.06 0.49 [60] . Assuming this relation is valid also at 40 MHz, longitudinal losses are in the range of 400 m −1 and the pressure amplitude decreases by approximately 50% in 1.5 mm. In a glass superstrate, on the other hand, the viscous absorption loss is considerably lower and the acoustic energy can propagate inside the glass and resonances can build up by reflections at the superstrateair interfaces and inside the fluid cavity. For the case evaluated here, it is expected that especially the appearance of the acoustic field along the bonding region and around the cavity can influence the acoustic field in the fluidic layer.
Experimental details

Device design
The principal setup of the IDT on the Y-cut Z-propagating lithium niobate (LiNbO 3 ) substrate is shown in figure 1 . The IDT electrodes are organized into 40 groups of one wavelength with three strips in each pair having potentials (+ + −), which makes them non-reflecting and therefore no energy is trapped underneath the electrode structure. The spacing and width of the electrodes are λ/6 (16 μm). The frequency of operation is determined by the sound velocity of a surface acoustic wave divided by the wavelength defined by the electrode period (96 μm). A reflector structure of 20 electrode strips with width and spacing of λ/4 (24 μm) is positioned on the outer side of each transducer and enables a certain degree of unidirectionality of the radiated acoustic wave. The two IDTs with their respective reflectors have an aperture of 9 mm and are placed symmetrically at a distance of approximately An acoustic standing wave, which is required for the acoustic radiation force in equation (1), is formed by interference of two counter-propagating waves emitted by the IDTs. For a driving frequency in the range of 30 MHz, the wavelength in water is around 40 μm. In this work the evaluated channel width (at the channel bottom) was 60 μm. At 35 MHz, the 500 μm distance of the glass layer at either side of the channel corresponds to approximately 60 λ. Hence, overtones for the distance along the superstrate interface are positioned 0.6 MHz apart. 
Device fabrication
The use of a glass channel on a SAW substrate requires bonding of two stiff materials, with high and different temperature coefficients. Here the cavity sealing was performed by a thin adhesive layer of SU8 as employed in MEMS-packaging [61] but not generally employed in microfluidics. The adhesive bonding method was selected since it is not sensitive to the surface roughness expected for a wet etched borosilicate glass and does not require precise matching of the thermal expansion coefficients of the two layers.
LiNbO 3 transducers.
A 300 μm thick 100 mm SAW grade Y-cut LiNbO 3 wafer was used in the Z-propagation direction. The process flow is shown in figure 3 . The lift-off step was initiated by cleaning the wafer in (1:1 H 2 SO 4 :H 2 O 2 ) for 30 min, followed by standard lithography (1 μm, Shipley 1813 photoresist) to define the IDT pattern and finally metallization by e-beam evaporation (80 nm/10 nm Au/Ti, 10 −5 mbar). Prior to evaporation, oxygen plasma treatment (75 W, 5 min) was performed to remove residual resist from the patterned grooves in the resist and to improve metal adhesion. After metal deposition, the wafers were immersed in acetone with ultrasound to remove the excess metal and photoresist. The wafers were then rinsed in isopropanol and dried in N 2 before being cut with a dicing saw. A close-up of the IDT can be seen in figure 2(B) .
Borosilicate processing.
The 700 μm borosilicate wafers (Emmaboda Glasteknik, Sweden) were wet-etched in a 10:1 HF (49%):HCl (37%) solution with a lithographically defined mask of e-beam-evaporated Au/Ti (500 nm/10 nm) and photoresist (10 μm AZ4562, Clariant). The HCl improves the surface roughness of the etched surfaces by transforming the insoluble products, such as CaF 2 , MgF 2 and AlF 3 , into soluble ones [62] . The high HF concentration enabled a fast borosilicate etch rate of 8. A thick tape was used to cover the glass wafer backside during the etch process. The Au mask layer was subsequently removed by the KI-solution. Inlet holes were drilled by a 1 mm diamond-tipped drill and the wafers diced with a dicing saw. Before and after drilling, the etched glass structure was heated to the softening temperature of 560 • C and slowly cooled down in order to reduce any induced stress due to etching and drilling. The etch profile of the channel is shown in figure 4 . The profile has tapered walls rather than a hemispherical profile which is a phenomenon observed in the literature for faster etching [63] and hence was a result of the selected etch recipe and a desire to avoid pin holes in the etch mask. While a geometry such as a circular or a rectangular shape would be preferred over the tapered walls for supporting an ideal standing wave, in a practical case when exciting a glass channel with an external transducer, it was found that walls with tapered slope and ridges (similar as employed here) enabled equally good acoustic manipulation as a perfectly rectangular profile [46] .
SU-8 bonding.
Bonding of the borosilicate glass and lithium niobate substrate was performed on chip-level by an adhesive SU8-5 layer (MicroChem). Bonding with SU-8 has previously been used e.g. for bonding of lithium niobate to silicon at 60
• C, at a pressure of 500 N in vacuum for 1 h in a wafer bonding machine [64, 65] . The LiNbO 3 chip and the glass chip were heated (200
• C, 5 min) to dehydrate the surface and promote adhesion. A 4 μm SU-8 layer was spun on to the LiNbO 3 (4000 rpm, 30 s) and were left to rest for 30 min on a flat surface to reduce the height of the edge bead and allow for some drying of the SU-8. The channel structure was aligned manually and a light pressure was applied by pressing a pair of tweezers onto the surface thereby forming an initial bond at room temperature. To soften the SU-8 and promote a void-free bond, the chip was heated on a hot plate (65 • C, 5 min) while applying pressure with tweezers. After forming the bond, the SU-8 was illuminated through a chromium on glass mask to further cross-link the adhesive. After the exposure, the excess SU-8 covering the IDTs was removed by the SU-8 developer (mrDev 600, MicroChem) and isopropanol. Last, a 5 min post-exposure bake at 65
• C was performed to further strengthen the adhesive bond.
Fluidic and electric connections. Fluidic connections
were provided by bonding a PDMS part to the glass and inserting a polyethylene tubing of 380 μm inner diameter (Intramedic BD, Becton Dickinson) outside a glass capillary (outer diameter 365 μm and inner diameter 95 μm). Electrical connections were provided by conductive epoxy (Circuitworks, Chemtronics) covered by epoxy (Plastic Padding) for mechanical robustness. The device was glued onto a glass slide for fitting into the microscope holder.
Set-up and quantification
The transducers were excited by a high-frequency function generator (Hewlett-Packard 8116A Pulse/Function generator) with a maximum power output of 320 mW or 16 V pp for a 50 load. The minimal step size of this device was 0.1 MHz. An Agilent 4395A Network Analyzer was used for impedance measurements (0.22 V at 50 ). For this proof-of-principle evaluation, a straight channel with one inlet and one outlet was used. The ability to manipulate particles was evaluated by observing the particle alignment by an inverted Nikon TE-2000-U fluorescence microscope (Hglamp excitation) with a high sensitive cooled CCD camera (Spot Diagnostic Instruments). Initially the channels were filled with ethanol since its fluid resistance is lower than that for water. A syringe pump (Univentor 864) was used with a 100 mL Hamilton syringe. Green fluorescing 1.9 μm polystyrene beads (Polymer Microspheres, Duke Scientific Corp.) of 1.05 g cm −3 density in de-ionized water with 0.5% (v/v) Tween (to prevent particle agglomeration) were used. Measurements were performed for a single IDT and for the two IDTs in series. By connecting the electrodes on both sides of the device, the transducers were operated in series, dividing the supplied voltage. The flow velocity was in the range of 0.01 μL min −1 (8 mm s −1 ) where the uncertainty is related to flow variations due to some reduction of channel width at some places along the channel where SU-8 had leaked into the channel.
FEM modeling of acoustic fields
FEM simulations (Comsol Multiphysics 4.1) were performed to visualize the acoustic radiation force potential field in the fluid layer and parameters that influence it. The device cross-section was modeled in 2D in a frequency analysis. A simplified IDT-electrode geometry of four periods of electrode stripes were used, with alternating potential and ground (+ − +−) positioned on either side of the glass structure and excited by a sinusoidal potential of 10 V. For simplicity, only a few wavelengths of the glass solid was modeled inside an outer layer of glass with high acoustic absorption. An isotropic loss factor of 0.9 was introduced in the outer glass layers, which were surrounded by an air layer. The choice of geometry with an outer absorbing layer has the consequence of reducing but not eliminating the influences of reflections and resonance build up inside the glass structure so the analysis is limited to this case. The height of the inner glass layer is approximately one wavelength and the width is approximately 2.25 wavelengths of the glass material. As a consequence of the manual alignment method, it is expected that the SAW node position in the substrate relative to the channel walls will differ between devices, since the acoustic path length depends on the exact position of the glass channel. In general, since not all geometric parameters are exactly as in the device, a perfect agreement between simulation and measurements is not expected but rather to be able to study typical appearances and trends. Material properties for the glass was Young's modulus of 63 GPa and Poisson's ratio of 0.20 and for SU8 Young's modulus of 4.2 GPa and Poisson's ratio of 0.22. 
Results and discussion
Impedance measurements
The conductance spectra of the single IDT is shown in figure 5 . The main resonance peak is found at 36.1 MHz where the maximum acoustic output from the transducer is obtained. The operation with 40 groups (120 strips) of electrodes generates a bandwidth in the range of 1 MHz as is observed for the main peak in the graph. The broadband IDT has a quality factor Q in the range of 20. Indicated in the figure is the frequency where particle alignment was obtained in the device at 36.5 MHz.
Particle alignment measurements
Particle alignment at 36.5 MHz is shown for dual-IDT operation in figure 6(B) . Single-IDT operation also enabled alignment at 36.5 MHz, as shown in figure 6(C) . The possibility of operation with only one transducer makes the total device smaller and extends the fluidic channel design possibilities. The alignment occurred into three nodes at the channel middle and the channel walls. For a speed of sound in water of 1500 m s −1 , the wavelength in water at 36.5 MHz is 41 μm; hence, the channel width encompasses approximately 1.5 λ, i.e. can display three pressure nodes. The particles were observed to align quickly in the channel to a narrow focus region estimated to 13% of the channel width, i.e. 7.5 μm. The small width of the nodal region of this system is advantageous for precise alignment of single cell and small bioparticles. The voltage levels and channel lengths employed are clearly adequate to accomplish the desired alignment effect at these flow velocities. The 1.8 μm diameter particle size is in the range of the minimum particle size usually employed for manipulation with BAW transducers (usually larger than 1 μm diameter polystyrene beads), i.e. the forces are at least on a comparable level. The voltage across the electrodes at the frequency of operation was 10 Vpp, as measured by an oscilloscope. Many factors are expected to influence the frequency of best operation, such as efficient coupling from the function generator, substrate geometry, channel size and geometry.
(A) ( B ) ( C ) Figure 6 . Particle alignment of the 1.9 μm polystyrene beads in the 60 μm wide trapezoidal channels for (A) transducer off, (B) single-IDT operation and (C) dual operation by the two IDTs in series. Close to the channel wall, the particles move more slowly due to the parabolic flow profile as observed by shorter brighter lines. In (C), the exposure time was longer and the image brightness was lower resulting in longer less bright lines as compared with (B). Some particles sticking to the channel walls appear as circular spots.
The observed symmetric node alignment relative to the channel walls supports the glass/fluid interface as the main origin of reflection rather than the outer boundaries of the glass structure since the channel is not expected to be perfectly aligned with the IDTs or the glass boundaries. For such a case, it can be envisaged that the shape of the channel wall, i.e the resonance cavity, is important and that optimizing its geometry can improve the manipulation performance.
No acoustic streaming, which could degrade the separation performance, was observed at continuous flow operation. Suppression of acoustic streaming is favored by low driving voltage, low frequency [66] and large particles [67] but is also affected by for instance the channel geometry [54] .
No other frequencies were observed to generate alignment in the 0.1 MHz step-size frequency scan. It was not observed whether the alignment also occurred in the vertical direction.
The multi-node design, as an alternative, can be used for separation but requires a more complex fluidic outlet design, for instance, as is used for field flow fractionation [13] . If sheath flow is used on either side of the sample flow, the present design can also be used for single node alignment. Based on the geometric profile, the sheath:sample volume ratio would be approximately 0.8; hence, the proportion sheath:sample is 2.6 lower than for the system described by Grenvall et al [53] . For a certain volume flow rate, the amount of sheath volume needed is 100 times less (and the sample volume 30 times lower) since the operational frequencies and channel sizes are different.
FEM modeling of acoustic fields
FEM simulation results are shown in figure 7 . A periodic pattern of a standing wave, a SSAW [18] , is observed in the lithium niobate substrate, figure 7(A) . The displacement amplitude in the substrate is observed to generate a pressure amplitude pattern in the glass superstrate which does not change with the plot angle and hence is standing. To some extent, the acoustic field in the superstrate can be regarded as excited by an amplitude-modulated line source at the substrate interface. The pressure amplitude in the glass superstrate displays maximum values along the boundary layer region and at the fluid cavity boundary. This localization to the interface region is advantageous for transporting energy efficiently to the fluid layer rather than transmitting a large amount to the surrounding glass structure. The fluidic cavity is smaller than the SAW wavelength and the cavity can be thought of as an inhomogeneity at the interface region. The wavelength in the glass layer, 155 μm at 36.5 MHz, is larger than the SAW wavelength.
Reflections at the glass superstrate outer boundaries are observed as expected since perfectly matched layers (PML) are not used in the simulation model but rather an outer absorbing glass layer. However, no strong resonance build up in the glass layer is observed and it is possible to use the model to mainly visualize effects related to the interface region and the fluid cavity. The positions of the maximum pressure amplitude in the superstrate do not perfectly correspond to the position of the maximum displacement amplitude in the substrate. This effect is believed to originate from the bonding layer since corresponding positions are observed in the simulation if the bonding layer is removed.
At 36.5 MHz, the acoustic radiation force potential for a 1.9 μm polystyrene particle in the fluid layer displays minima in a narrow region in the middle of the channel and at two small regions close to the channel walls, figure 7 (B), in agreement with the measurements. The inter-node distance is less than the SAW half-wavelength. Hence, the inter-node distance observed here in the measurements and simulations is different from the λSSAW/2 inter-node distance most often reported for other SAW-transducer systems with the PDMS channel [18] or without side-walls [42] . At the center position, a displacement minima is found at the substrate and an acoustic radiation force potential minima for a polystyrene particle in the fluid layer, i.e. a pressure minima. The shape of the middle node is a line with absolute minima close to the bottom while the shapes of the side nodes are elliptical regions oriented parallel with the tapered channel walls. The nodal minima are located to small areas with the diameter of a couple of μm. The very precise alignment to a small spot is advantageous in many applications. However, for alignment of very large cells, there will be a nonzero net force on the outer regions of the cell in the acoustic gradient field also when it has been aligned to a node. The magnitude of the force depends on the cell size relative to the node size and the steepness of the acoustic gradient field. The position in the vertical direction close to the bottom fluid wall was not possible to verify in the experiment. Comparing the measurements and the simulation results, one finds that in the measurements the position of the side nodes appears to be closer to the side walls than in the simulations. The origin for the discrepancy is not understood at this point. Possibly, if some SU8 has been pushed into the channel, it can appear narrower and the alignment positions seem to be closer to the channel walls. When changing the frequency in the range 35-37 MHz, the pattern does not change much. Hence, it can be expected that a small misalignment will not significantly alter the alignment positions in the channel. However, from the frequency sensitivity observed in the measurements, many factors are expected to significantly influence the magnitude of the field in the channel.
Based on the impedance mismatch at the cavity boundary, it is expected that the appearance of the acoustic radiation force potential in the fluid layer will be highly influenced by reflections inside the cavity. Hence, by proper system design, the glass channel geometry can be used as an additional parameter for shaping the acoustic field in the vertical direction. In support of this expectancy are the internode distances observed in measurements, the shape of the side nodes in the simulation and the insensitivity to frequency variation in the simulation.
For simulation with one IDT excitation, figure 7(C), three nodes were also observed and the inter-node distances and horizontal positions were approximately the same as for dual IDT excitation, i.e. corresponding to the measurement observations. However, in the simulation, the node pattern was not perfectly symmetric and the middle node was shifted upward and oriented horizontally instead of vertically. A similar horizontal alignment pattern for both single-and double-IDT operations supports the channel cavity as a major influence for the appearance of the acoustic field in the fluidic layer.
When altering the phase of one of the IDTs by 30
• , figure 7(D) , the shape of all three nodes are circular and the middle node is positioned higher up in the fluid layer away from the bottom surface. Same as in figure 7(B) , the alignment into specific positions of small area is observed.
Considering the number of parameters that can potentially have an effect on the acoustic field in the fluid in addition to the poor alignment precision obtained in the manual alignment step makes system design appear to be very complex. However, several parameters such as driving frequency and phase can be tuned and the channel length is expected to have an averaging effect on misalignment effects such that a small region of non-ideal pattern can be acceptable. From simulation and measurement, some main factors influencing the operation were identified, such as energy localization to the interface region and the influence of channel size and geometry. Additionally, the outer structures of the channel are expected to influence the acoustic pattern, but for the selected device geometry this effect appears to be smaller or in support of the same alignment pattern. It is expected that a system design optimum exists corresponding to a certain channel width, channel position and channel geometry. However, for these non-optimized devices, it is shown that the created acoustic field is strong enough to enable competitive manipulation performance with both dual and single excitations. Future work may extend applications of this type of systems to also include sheathless alignment into one single node for pre-alignment for sorting, detection and field flow fractionation.
Conclusions
A device for particle manipulation in continuous flow where a surface acoustic wave was used to excite an acoustic field in a trapezoidal glass channel has been demonstrated. This work extends the use of SAWs for acoustic manipulation in PDMS and the more exclusive material and design used for IAW to also include the microfluidic commonly used glass material. In a proof-of-principle measurement, the alignment of 1.9 μm polystyrene beads was demonstrated at 35.6 MHz into three pressure nodes symmetrically in a 60 μm wide trapezoidal channel. The precise alignment into small nodes makes the system interesting for manipulation and analysis of small cells or bioparticles. Similar to glass-channel-BAW transducer systems, the size and shape of the channel have strong influence on the appearance of the acoustic field in the channel. In contrast to previous SAW devices featuring PDMS channels, the inter-node distance here was shorter, in the range of λ water /2.
From a FEM simulation model, some main factors influencing the operation were suggested, such as energy localization to the interface region and the influence of channel size and shape. In simulation, the simultaneous 2D alignment into small nodes positioned close to a surface or in the fluid layer was obtained for the operating frequency and dual or single IDT operation. Simultaneous vertical and 2D alignment by a single frequency is not commonly performed in microstructured channels by acoustic particle manipulation and has applications in alignment prior to sensor detection. However, additional measurements are needed to verify the vertical alignment positions predicted by the simulations. Future work may extend applications of this type of systems to also include 2D alignment into one single node without sheath flow for pre-alignment for sorting, detection and field flow fractionation in sheathless operation and parabolic flow profile. For these non-optimized devices, it is shown that the created acoustic field is strong enough to enable competitive manipulation performance with both dual and single IDT excitations.
